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Chemical and Electrochemical Lithiation of van der Waals Tetrel
Arsenides
Abstract
A lithiation of van der Waals tetrel‐arsenides GeAs and SiAs has been investigated. Electrochemical lithiation
demonstrated large initial capacities of over 950 mAh g‐1 accompanied by rapid fading over successive cycling
in the voltage range of 0.01‐2 V. Limiting the voltage range to 0.5‐2 V achieved more stable cycling attributed
to the intercalation process with lower capacities. Ex‐situ powder X‐ray diffraction confirmed complete
amorphization of the samples after lithiation, as well as recrystallization of the binary tetrel‐arsenide phases
after full de‐lithiation in the voltage range of 0.5‐2 V. Solid‐state synthetic methods produces layered phases,
where Si‐As or Ge‐As layers are separated by Li cations. The first layered compounds in the corresponding
ternary systems were discovered, Li0.9Ge2.9As3.1 and Li3Si7As8, which crystallize in the Pbam (No. 55) and
P2/m (No. 10) space groups, respectively. Semiconducting layered GeAs and SiAs accommodate extra charge
from Li cations through structural rearrangement in the Si‐As or Ge‐As layers and eventually by replacement
of the tetrel dumbbells with sets of Li atoms. Ge and Si monoarsenides demonstrated high structural
flexibility and a mild ability for reversible lithiation.
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Abstract 
A lithiation of van der Waals tetrel-arsenides GeAs and SiAs has been investigated. 
Electrochemical lithiation demonstrated large initial capacities of over 950 mAh g-1 accompanied 
by rapid fading over successive cycling in the voltage range of 0.01-2 V. Limiting the voltage 
range to 0.5-2 V achieved more stable cycling attributed to the intercalation process with lower 
capacities. Ex-situ powder X-ray diffraction confirmed complete amorphization of the samples 
after lithiation, as well as recrystallization of the binary tetrel-arsenide phases after full de-
lithiation in the voltage range of 0.5-2 V. Solid-state synthetic methods produces layered phases, 
where Si-As or Ge-As layers are separated by Li cations. The first layered compounds in the 
corresponding ternary systems were discovered, Li0.9Ge2.9As3.1 and Li3Si7As8, which crystallize 
in the Pbam (No. 55) and P2/m (No. 10) space groups, respectively. Semiconducting layered 
GeAs and SiAs accommodate extra charge from Li cations through structural rearrangement in 
the Si-As or Ge-As layers and eventually by replacement of the tetrel dumbbells with sets of Li 
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Introduction: 
 Layered compounds have garnered increasing attention in recent years after the discovery 
of graphene, a single layer of graphite.[1-9] Layered tetrel-pnictides specifically are versatile 
materials, displaying several interesting properties, such as superconductivity at 1.3 K in 
NaSn2As2 and ultra-low thermal conductivity in metallic Li1–xSn2+xAs2.[10-11] Layered tin 
phosphide, Sn4P3, has been studied for lithium-ion and sodium-ion battery applications and has 
been proven to be a promising material.[12-16] Pnictides of lighter tetrels such as GeAs, SiAs, 
GeP, SiP, GeAs2, and SiAs2 have been gaining interest in the field of thermoelectrics, 
photovoltaics, water splitting, and optics due to their anisotropic nature, weak interlayer 
interactions, relatively small band gaps (< 2 eV), and potential for tuning of properties through 
doping and strain.[4-9,17-23] 
Numerous layered ATt3Pn3 (A = Na-Rb; Tt = Si or Ge; Pn = P or As) ternary phases have 
been reported in literature, however none have included lithium as the alkali metal to the best of 
our knowledge.[24,25] For the larger sodium cation, a NaGe6As6 structure was reported, which 
retains the layered structure and bonding in binary GeAs, but accommodates the Na atom 
through shifting of the layers.[26] Given the number of A-Ge(Si)-As phases with heavy alkali 
metals, we hypothesized that such ternary phases with Li, the smallest of the alkali metals, 
should exist.  
Many layered materials such as graphite, MoS2, Sn4P3, and black P are being studied for 
their electrochemical applications in lithium ion batteries.[1,2,12-16,27-34]  Theory has predicted that 
tetrel-based layered graphite analogues, silicene, germanene, and stanene may be suitable for 
battery applications.[35,36]  In addition, lithiated tetrels with layered structures have been studied 
to better understand the reaction processes occurring in Ge and Si anodes.[37,38] With tetrels and 
pnictogens being widely studied, in this work we use electrochemical, as well as solid-state 
methods to explore the Li-Ge(Si)-As systems in the search for layered compounds. 
Prior to our work, only two structures have been reported, in 1954, in these systems, 
Li5GeAs3 and Li5SiAs3.[39] These phases are dense-packed cubic structures in which Li and the 
tetrel element share one crystallographic site. We have recently reported two additional cubic 
structures, Li9.3Ge0.7As4 and Li8GeAs4, which also featured joint Li/Ge occupancy of 
crystallographic sites.[40] The current work further expands these rarely studied ternary systems 
with two new layered compounds Li0.9Ge2.9As3.1 and Li3Si7As8. The solid-state synthesis, details 
of crystal and electronic structure, as well as electrochemical properties of layered tetrel-
pnictides are reported. 
Results/Discussion: 
The binary GeAs and SiAs compounds, which have been known for decades, have mostly 
been overlooked in terms of properties until recently.[4-6,9,17,18,21,22,41,42] These isostructural 
compounds are built of covalently bonded Si-As or Ge-As layers held together by weak van der 
Waals interactions.  Resistivity and thermal conductivity property measurements on oriented 
single crystals reveal that the transport properties are anisotropic, reflecting the anisotropic 
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possible insertion of the small cations in analogy to Li intercalation in graphite. To check this 
hypothesis the ability of both materials to electrochemically incorporate Li in the interlayer space 
was investigated (Figure 1). 
 
Figure 1. Discharge capacities of GeAs (squares) and SiAs (triangles) between 0.01-2 V (filled 
symbols) and 0.5-2 V (open symbols). The reported capacity per gram of respective tetrel-
pnictide was corrected for the contribution from conductive graphite additive. 
  
Electrochemical lithiation and delithiation were performed in half-cells with electrodes 
composed of single phase GeAs or SiAs samples mixed with conductive graphite in a 60:40 
wt.% ratio, respectively. Figures 1 and S1 show the electrochemical data for GeAs and SiAs 
cycled between two different voltage ranges, 0.01-2.0 V and 0.5-2.0 V. Cycling the binary 
phases between 0.01-2.0 V shows high initial capacities of 991 mAh g-1 and 1123 mAh g-1 for 
GeAs and SiAs, respectively. Though these materials offer large initial capacities, they suffer 
from rapid fading of capacity over successive cycling, offering no capacity after just a few 
cycles. Hypothetical lithiation reactions for GeAs and SiAs are given as equations 1-4, assuming 
either an intercalation mechanism without affecting the SiAs or GeAs layers (equations 1 and 2), 
or full conversion resulting in breaking of all Si-As and Ge-As bonds and formation of 
corresponding Li-rich binary phases (equations 3 and 4). The intercalation reactions in equations 
1 and 2 result in theoretical capacities of 182 mAh g-1 (GeAs) and 260 mAh g-1 (SiAs) per 
equivalent of lithium. The large initial capacity of the samples that were run in the full voltage 
range indicates that a conversion, rather than just intercalation, process took place. The 
conversion reactions, equations 3 and 4, result in theoretical capacities of 1317 mAh g-1 (GeAs) 
and 1886 mAh g-1 (SiAs), which may help explain the high first cycle capacities. There are a 
number of potential binary products, such as Li15Si4, Li15Ge4, Li17Si4, Li17Ge4, Li3As7, LiAs, 
Li3As and Li4As. Equations 3 and 4 assume the SiAs or GeAs is converted into the highest 
reported Li-Si(Ge) binary phase and the most commonly accepted form of lithium arsenide.[43-50] 
(Eq. 1)  GeAs + 𝑥𝑥Li → Li𝑥𝑥GeAs   (182x mAh g-1) 
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(Eq. 3)  4GeAs + 29Li → Li17Ge4 + 4Li3As (1317 mAh g-1) 
(Eq. 4)  4SiAs + 29Li →  Li17Si4 + 4Li3As  (1886 mAh g-1) 
Rapid capacity fading is often observed for large capacity anodes, such as Si, MoS2, and 
Cu3P.[14,15,32,51-54] Extensive research has been devoted to increasing cyclability of these 
materials. In the case of Cu3P, irreversible conversion of the anode to elemental Cu was limited 
by narrowing the cycle voltage range, which led to a longer lifetime of the anode.[55] Similarly, 
the longevities of GeAs and SiAs samples were increased by limiting the voltage window to 0.5-
2.0 V. As expected, this resulted in the decrease of initial capacity (Figure 1 open symbols). 
Long-term cycling of GeAs and SiAs in this voltage range still offered 186 mAh g-1 and 120 
mAh g-1, respectively, after 50 cycles (Figure 1), which is a significant improvement from the 
capacity achieved for samples treated in the 0.01-2 V range. On average, assuming a uniform Li 
distribution over the sample, such capacities would correspond to LiGeAs and Li0.5SiAs 
compositions. 
 
Figure 2. First electrochemical cycle and ex-situ PXRD patterns of GeAs (a/c) and SiAs (b/d). 
Asterisk denotes conductive graphite peak. The voltage for each PXRD pattern is indicated by 
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Ex-situ powder X-ray diffraction (PXRD) analyses were performed at various stages of 
charge and discharge in GeAs and SiAs cells in the range of 0.5-2 V. Upon initial lithiation, there 
is no substantial change in the powder patterns of GeAs and SiAs electrodes, crystalline tetrel-
pnictide binaries were still present and no significant unit cell changes were detected (Figure 2). 
Powder pattern peaks of the starting binary materials disappear as the cells approach the lower 
voltage limit of 0.5 V. Upon de-lithiation, there are no substantial changes in the powder patterns 
until approaching 1.75 V. At this voltage, for both GeAs and SiAs, the main diffraction peaks of 
corresponding binary phases reformed, indicating that the lithiation reactions of these two phases 
are at least partially reversible. A comparison of the patterns collected at 1.9 V with patterns of 
the pristine material prior to cycling indicates that after de-lithiation, SiAs is more crystalline 
than GeAs. All major PXRD peaks of SiAs were observed after a lithiation/de-lithiation cycle, 
while for GeAs, only the most intense peak could be detected. Although ex-situ PXRD suggests 
reversible lithiation reactions, no substantial shifts in peak positions or distinctly new peaks were 
observed at various stages of charge or discharge. We hypothesized that upon lithiation, the 
ternary Li-containing phases become amorphous and cannot be detected by PXRD. To establish 
the crystal structure of the layered Li-Si-As and Li-Ge-As compounds, solid-state synthesis 
methods were employed. 
 Two new layered Li-containing compounds have been synthesized and structurally 
characterized (Figure 3). Both structures feature partially occupied Li sites and some degree of 
disorder in the tetrel-arsenic framework. NMR investigations confirmed that both compounds are 
electron-balanced (vide supra). Based on this assumption final refinements resulted in 
compositions Li0.87(3)Ge2.87(3)As3.13 and Li2.98(4)Si7.02(2)As8 which for the rest of discussion are 
denoted as Li0.9Ge2.9As3.1 and Li3Si7As8. The details of the structure refinement are provided in 
the experimental section. 
 To the best of our knowledge, Li0.9Ge2.9As3.1 and Li3Si7As8 are the first layered structures in the 
Li-Ge-As and Li-Si-As systems. Other reported ternary structures are dense-packed cubic phases 
in which Li and the tetrel element share one crystallographic site.[39,40] Li0.9Ge2.9As3.1 crystallizes 
in the Pbam space group (No. 55) where layers are oriented along the ac-plane by five-
membered rings of Ge and As, interconnected by bridging As atoms. Li atoms are located 
between the layers. This structure is closely related to the crystal structures of reported ATt3As3 
(A = K, Rb; Tt = Ge, Sn) compounds, which crystallize in the Pnma space group.[25] Crystal 
structure refinement (see experimental section for details) shows that one framework position is 
mixed occupied by As and Ge. Energy dispersive X-ray spectroscopy (EDS) run with an internal 
GeAs standard confirmed that this compound is As-rich with the Ge:As ratio of 2.7(1):3.3, which 
is in agreement (within three e.s.d.) with the composition determined from the single crystal X-
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Figure 3. General view of the crystal structures of GeAs and SiAs (top), Li0.9Ge2.9As3.1 (middle) 
and Li3Si7As8 (bottom). For Li3Si7As8, the middle layer is shown as a fully occupied Si8As8 layer, 
while in the top and bottom layers, part of the Si2 dumbbells are replaced by Li. As: blue; Li: 
green; Si or Ge: grey; mixed occupied Ge/As position: black. 
 
 The layered structure of Li0.9Ge2.9As3.1 can be related to the parent structure of GeAs. A 
hypothetical visual representation of the structural relations is depicted in Figure 4, assuming 
ideal LiGe3As3 composition. To create the LiGe3As3 structure, the horizontal Ge-Ge bonds in the 
GeAs layers must be broken to separate the layers into three-ringed segments (Figure 4). In one 
ring, Ge and As must be swapped. Finally, an As atom from the six-membered ring must be 
moved near the center of the previously broken Ge-Ge bonds. This results in the five-membered 
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 Considering its valence electron count, GeAs has 27 e- per Ge3As3 composition. This 
compound is electron-balanced because each Ge and As atom form four and three covalent 
bonds, respectively. Reported by Khatun and Mar, intercalation of Na in the interlayer space of 
GeAs results in NaGe6As6, which retains the GeAs layers, giving 27.5 e- per 6 framework atoms 
(Na0.5Ge3As3).[26] This phase was computationally determined to exhibit metallic-like properties, 
with the location of extra Na electrons in the conduction band.[26] Further electron doping to 28 e- 
in Li0.9Ge2.9As3.1 results in the rearrangement of the covalent bonding in the GeAs layer such that 
one Ge atom becomes three-coordinated. The three-coordinated tetrel element can accommodate 
one extra electron. Similar bonding patterns with one three-coordinated tetrel atomic site are 
observed for other ATt3As3 compounds (A = K, Rb; Tt = Ge, Sn).[25] 28 e- per formula unit can be 
realized without the presence of an alkali metal in the interlayer space, as found in GeAs2 and 
SiAs2 (Ge2As4 and Si2As4). Tetrel diarsenide structures can be obtained from the structure of 
Li0.9Ge2.9As3.1 by a complete replacement of the mixed Ge/As site with As and removal of the Li 
cations.[56,57]  
Li0.9Ge2.9As3.1 (13 at.% Li) represents a stage of lithiation when the GeAs compound is 
unable to accommodate an excess of electrons and undergoes bonding rearrangements in the 
covalent framework. Further increase of Li content causes more substantial structural 
perturbations, including the replacement of part of the tetrel dumbbells with Li atoms, as 
demonstrated in the case of Li3Si7As8 (17 at.% Li). 
 Li3Si7As8 crystallizes in the P2/m space group (No. 10) (Figures 3 and 5). Layers are 
formed by Si-Si dumbbells in which each Si is also bonded to three As atoms. These dumbbells 
are oriented both perpendicular and parallel to the layers. The overall layered structure is similar 
to that of SiAs, however there are three successive vertical dumbbells in the crystal structure of 
Li3Si7As8, while only two vertical dumbbells are present in the structure of SiAs (Figure 3).[58] 
Initial single crystal refinement suggested ~75% occupancy for the two silicon positions on the 
two outer vertical dumbbells and one partially occupied Li position between the layers. This 
position, Li1 in Figure 6, is 6-fold coordinated by six As atoms. Further refinement resulted in 
three additional Li positions that overlap and approach the vacant dumbbell positions with ~25% 
occupancy. This suggests that these positions may be mutually exclusive, in which lithium atoms 
fill in the gaps created by missing Si-Si pairs (Figure 5). This is comparable to the work reported 
by Bobev and Sevov, in which Sn-Sn dumbbell vacancies were substituted with Na atoms in a 













Chemistry - A European Journal
This article is protected by copyright. All rights reserved.
 
Figure 5. The structure of one Si-As layer in Li3Si7As8. (Top) An ideal fully occupied Si8As8 
layer; (middle) a Si7As8 layer with 25% of Si7 and Si8 dumbbells missing; and (bottom) the 
actual layer with Si-Si vacancies filled with three additional Li atomic sites (green spheres) and 
interlayer Li shown as half-green spheres. 
 
The lithium position, Li2, that occupies the center of the missing Si-Si vacancy has distances of 
2.94(3)-3.18(4) Å to the six closest As atoms (Figure 6). These values are typical for Li-As 
distances, which are reported to be in the range 2.50-3.13 Å.[11,39,40,48-50,60] The lithium positions, 
Li3 and Li4, situated above and below the Si-Si vacancy are 4-fold coordinated by four As 
atoms. These positions are located closer to As atoms at distances shorter than typical Li-As 
distances, 2.40(2) - 2.54(4) Å (Figure 6). However, one of these As positions is additionally split 
into two positions, As3 and As33, with 75:25 occupancy. The As33 position is shifted away from 
the missing Si2 dumbbell, resulting in an elongated Li4-As33 distance of 2.61(3) Å. The 25% 
occupancy for the As33 site indicates that when the Li atoms are in close proximity, As shifts to 
the As33 position rather than As3. Similar splits may occur for other As atoms surrounding the 
Si-Si vacancy since their anisotropic displacement parameters are quite asymmetric. However, 
the splitting of all As atoms was not further refined to avoid over-parametrization. The overall 
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Figure 6. The local coordination and occupancies of the Li sites in the crystal structure of 
Li3Si7As8. (a) Overall intralayer Li environment in place of Si2 dumbbells, (b) coordination and 
Li-As distances of interlayer Li1, (c-e) coordination and Li-As distances of Li2, Li3, and Li4 
sites. 
 
The partially occupied Li sites in the two new structures were characterized by magic 
angle spinning (MAS) 7Li solid-state NMR spectroscopy (Figure 7 and Table S2). For 
Li0.9Ge2.9As3.1, based on single crystal refinement, there is a single Li position 6-coordinated by 
As atoms. From the 7Li NMR spectrum of Li0.9Ge2.9As3.1 (Figure 7 bottom) there is one broad 
peak at 2.4 ppm with a small shoulder at 0.5 ppm. The main peak is attributed the 6-coordinated 
Li in Li0.9Ge2.9As3.1, while the shoulder at 0.5 ppm is from partial oxidation of the sample due to 
long term storage of the sample in air. The chemical shift for this shoulder is close to the 
chemical shift of Li hydroxide, which can be found in the partially decomposed samples of other 
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In the crystal structure of Li3Si7As8 there are two 6-coordinated Li sites (Li1 and Li2) and 
two 4-coordinated Li sites (Li3 and Li4, Figure 6). Taking into account site multiplicity and site 
occupancy factors, the ratio of Li in these sites should be 3:1:1:1 for Li1:Li2:Li3:Li4, resulting in 
a 2:1 ratio of 6-coordinated to 4-coordinated Li atoms. The 7Li NMR spectrum of Li3Si7As8 
(Figure 7 top) has a broad peak which can be deconvoluted to two peaks centered at 1.7 ppm and 
3.9 ppm. The 2.0:1.0 intensity ratio of the two peaks is in good agreement with the structural 
model. Note that 7Li solid-state NMR spectra often show poorly resolved NMR signals because 
the 7Li chemical shift range is only a few ppm in diamagnetic solids and 7Li NMR signals 
typically have peak widths of a few ppm.[63] Due to the similar chemical shift with the 6-
coordinated Li in Li0.9Ge2.9As3.1, the main portion of the peak is assigned to the contributions 
from two 6-coordinated sites, Li1 and Li2, in Li3Si7As8, while the second, lower intensity 
component at higher chemical shift is assigned to the contributions from the two 4-coordinated 
Li sites, Li3 and Li4. These chemical shift assignments are consistent with experimental and 
calculated lithium chemical shift trends where a reduction in coordination number usually leads 
to an increase in chemical shift.[61,63,64] Stebbins and co-workers reported that lithium 
coordinated by four oxygen atoms resonates at a 2 ppm higher frequency than six coordinate 
lithium within lithium orthosilicates.[64] Michaelis and co-workers observed that lithium 
coordinated by four oxygen atoms typically resonates at 1 ppm higher chemical shift than lithium 
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Figure 7. (a) MAS 7Li solid-state NMR spectra of Li0.9Ge2.9As3.1 (top), natural isotopic 
abundance Li3Si7As8 (middle), and 95% 6Li enriched Li3Si7As8 (bottom). (b) MAS 6Li solid-state 
NMR spectrum of 95% 6Li enriched Li3Si7As8. The black spectra are the experimental data, the 
red lines are the sum of the peak deconvolutions, the green lines are the peak deconvolutions of 
the 6-coordinated site and the blue lines are the peak deconvolutions of the 4-coordinated site. 
For Li0.9Ge2.9As3.1 the purple line is the peak deconvolution of a small amount of hydroxide 
impurity. 
 
The resolution of 7Li solid-state NMR spectra may be enhanced by enriching with 6Li to 
reduce homogeneous broadening caused by 7Li homonuclear dipolar coupling.[63]  This method 
was shown to significantly enhance the resolution of 7Li solid-state NMR spectra of Li 
borates.[63] We have synthesized a sample of Li3Si7As8 enriched with 95% 6Li to see if  7Li NMR 
spectra with enhanced resolution could be obtained (Figure 7 and Table S2). There is very little 
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abundance and 6Li-enriched Li3Si7As8 samples (Table S2). The 6Li NMR spectrum of the 6Li-
enriched Li3Si7As8 is similar to the 7Li NMR spectra (Figure 7). The similarity of the 7Li and 6Li 
NMR spectra suggests that the peak broadening is predominantly inhomogeneous and does not 
arise from homonuclear 7Li dipolar coupling. We hypothesize that disorder due to multiple 
partially occupied positions is the main broadening mechanism of the 7Li solid state NMR 
spectra of Li3Si7As8. Indeed, the 7Li NMR signal for the more ordered Li0.9Ge2.9As3.1 compound 
is significantly sharper, with a linewidth of 391 Hz, as compared to a linewidth of 749 Hz for 
octahedral Li in Li3Si7As8. Dipolar coupling to 100% naturally abundant 75As may also 
contribute to signal broadening in Li3Si7As8. 
The electronic structure of hypothetical stoichiometric LiGe3As3 closely resembles that of 
GeAs (Figure 8). The calculated density of states (DOS) for GeAs has a predicted bandgap of 
0.50 eV, which is in agreement with literature.[18,65] Ge and As have almost equal contributions 
to the states in both conduction and valence band, indicating the covalent character of the 
bonding. The electronic structure of LiGe3As3 is similar (Figure 8). As predicted from the 
electron count, the compound is calculated to be a semiconductor with a similar bandgap, 0.56 
eV, with well-mixed Ge and As states. 
Calculation of the Li3Si7As8 electronic structure was hampered by the substantial disorder 
in this structure. A hypothetical Si8As8 neutral layered structure was calculated to be similar to 
the band structure of SiAs with good mixing of Si and As orbitals and a semiconducting nature 
(Figure 8). Our calculations for binary SiAs predict a bandgap of 1.41 eV, which agrees with 
literature, and is similar to the prediction of 1.37 eV for hypothetical Si8As8.[40]  Based on the 
electron count, this phase is expected to be a semiconductor. Indeed, the removal of a Si2 
dumbbell results in the creation of six two-coordinated As atoms with the formal oxidation state 
of –1. For the double composition of Si16As16, the removal of Si2 dumbbells creates [Si14As16]6– 
layers. Such layers can compensate the charge of 6 Li cations, resulting in an electron-balanced 
composition where Li6Si14As16 = Li3Si7As8. The absence of the paramagnetic Knight shift in the 
NMR spectrum confirms the electron-balanced nature of the compound. The example of 
Li3Si7As8 illustrates that increasing Li content leads to partial substitution reactions where the 
tetrel dumbbells are replaced with Li atoms. The ultimate end of this process could be a complete 
conversion reaction forming the Li3As phase. 
Our studies indicate that the lithiation of tetrel monoarsenides is accompanied with 
electron transfer to the layer. Electron excess is compensated by bonding rearrangements in the 
layers. Electron-balance is achieved by the breaking of Ge-Ge bonds and formation of tri-
coordinated Ge atoms (Li0.9Ge2.9As3) or by the partial replacement of Si2 dumbbells with Li 
cations (Li3Si7As8). Both mechanisms demonstrate the flexibility of the tetrel-pnictide 
frameworks. It is still unclear whether similar local structures are formed in the electrochemical 
lithiation process. The structures reported here may serve as good reference points for theoretical 













Chemistry - A European Journal
This article is protected by copyright. All rights reserved.
 
Figure 8. Calculated DOS for (a) GeAs, (b) SiAs, (c) LiGe3As3, and (d) hypothetical Si8As8.   
 
Conclusion: 
GeAs and SiAs were electrochemically cycled as anode materials for lithium-ion 
batteries in attempts to form ternary Li-Ge(Si)-As phases and determine their performance. Both 
materials demonstrated high initial capacities of over 950 mAh g-1, but poor cyclability. 
Cyclability was enhanced by limiting the voltage of cells between 0.5-2V. Ex-situ PXRD in this 
voltage range showed that lithiation of the materials is reversible, although no ternary phases 
were observed. Solid-state synthesis of new layered ternary phases Li0.9Ge2.9As3.1 and Li3Si7As8 
have led to the first insight into the lithiation mechanisms for these tetrel-pnictides. Both ternary 
phases are predicted to be semiconductors by electron count and electronic structure calculations. 
Upon electrochemical cycling, deviations from ideal electron-balanced compositions are 
possible. Reversible cycling indicates that more Li can be inserted into tetrel-arsenides, up to 
LiGeAs and Li0.5SiAs compositions. We hypothesize that more compounds with higher Li 
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Experimental: 
Synthesis: The starting materials, Ge powder (Alfa Aesar, 99.999%), Si powder (Alfa Aesar, 
99.99%), As lumps (Alfa Aesar, 99.9999%), Li granules (Alfa Aesar, 99%), and 6Li isotope 
(Sigma Aldrich, 95%) were used as received. Single phase binary GeAs and SiAs were prepared 
from elements using solid state methods. Elements were weighed in a 1:1.03 Tt:As (Tt = Ge or 
Si) molar ratio. Samples were sealed inside evacuated carbonized silica ampoules and heated in a 
muffle furnace to 1373 K over 48 hours and then annealed at this temperature for 96 hours. 
Afterwards, the furnace was turned off. Excess arsenic was removed from the samples through 
sublimation in sealed evacuated silica ampoules using a temperature gradient between 723 K and 
ambient temperature with the samples placed in the hot zone. All Li containing reactions were 
prepared in an argon filled glovebox with O2 levels < 0.5 ppm. 
Li0.9Ge2.9As3.1 crystals were obtained from a reaction of the elements in a 1:3:3 ratio 
contained in an alumina crucible. The crucible was sealed in an evacuated silica ampoule and 
heated in a muffle furnace to 923 K over 48 hours and annealed for 240 hours. The sample was 
then slow cooled to room temperature over 48 hours. 
Li3Si7As8 crystals were obtained from a reaction of the elements in a 0.8:3:3 ratio. 
Elements were loaded into a carbonized silica tube and sealed under vacuum. The resulting 
ampoule was then sealed in a larger silica tube under vacuum to serve as an outer jacket. The 
sample was then heated in a muffle furnace to 1073 K over 48 hours and annealed for 240 hours. 
The sample was then slow cooled over 48 hours to room temperature. 
Samples of either Li0.9Ge2.9As3.1 or Li3Si7As8 can also be produced by annealing 
stoichiometric mixtures of elements at 923 K and 1073 K, respectively. Attempts to synthesize 
single phase Li containing ternary phases were unsuccessful, with the side phase being the 
respective binary monoarsenides. 
The binary phases, GeAs and SiAs, are air and water stable for at least 30 days. Similarly, 
Li0.9Ge2.9As3.1 can be handled in air and is water stable against a short (15 min) water wash. 
Li3Si7As8 is mildly air-sensitive and degrades upon exposure to ambient atmosphere over 
extended periods of time and will degrade in water or high humidity. Powder diffraction patterns 
of synthesized samples of GeAs, SiAs, Li0.9Ge2.9As3.1, and Li3Si7As8 are shown in Figure S2. 
Electrochemical Measurements: All electrochemical preparations were done in an argon filled 
glovebox with O2 levels < 0.5 ppm. Powder electrode samples were prepared using a 60:40 
weight ratio of synthesized binary powder to conductive graphite (MTI corporation, granularity 
= 1-5 μm). Samples were loaded into a stainless-steel vial and mixed with stainless steel balls 
(1/8” diameter, final sample-to-ball weight ratio of 1:5). The samples were ball milled for 30 
minutes under Ar atmosphere. The result of ball milling leads to particle sizes of ~5-10 μm, 
compared to ~80-200 μm from manual grinding. SEM images of mortar and pestle ground vs. 
ball milled samples are shown in Figure S3. Half inch Teflon Swagelok cells were assembled 
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electrolyte (2:1:2 ethylene carbonate:dimethyl carbonate:diethyl carbonate by volume), a lithium 
metal chip as the reference and counter electrode, and stainless steel plungers. The cells were 
cycled galvanostatically using a 0.25 mA current, unless stated otherwise, on an Arbin 
Instruments MSTAT 4. Capacity of GeAs and SiAs were determined by calculating total 
capacity of the sample electrode and then subtracting the conductive graphite contribution. For 
this reason, a separate sample of only conductive graphite was cycled using identical conditions. 
The resulting capacity was then divided by the mass of tetrel-pnictide in the sample electrode, 
resulting in units of mAh g-1. 
Powder X-ray Diffraction: Powder X-ray diffraction (PXRD) was performed using a Rigaku 
Miniflex 600 with Cu-Kα radiation and a Ni-Kβ filter. Synthetic samples were measured using a 
zero-background silicon holder. Electrochemical samples were measured using modified air-free 
holders loaded in an argon filled glovebox. The holders were composed of a zero-background 
silicon base and Kapton film cap. The empty holder pattern was subtracted from the 
experimental patterns.  
Single Crystal X-ray Diffraction: Single crystal X-ray diffraction was performed using two 
different Bruker D8 Venture diffractometers, both using Mo-Kα radiation. The datasets were 
collected at 90 K or 100 K under a N2 stream with ω-scans recorded at a 0.4° step width and 
integrated with the Bruker SAINT software package. Structure determination and refinement of 
the crystal structure was carried out using the SHELX suite of programs.[66] For both ternary 
crystal structures, direct methods were used to locate positions of As and the tetrel elements. Li 
positions were found on difference Fourier maps in the course of iterative refinements.  
Li0.9Ge2.9As3.1: Refinement of the Li site occupancy indicated that it is statistically significantly 
lower than 100%. The refinement of the Li site occupancy resulted in the significant reduction of 
the Li Ueq by 50%. Our further NMR investigation confirmed that this phase is electron-
balanced, and simultaneously, EDS shows As excess over 1:1 ratio expected for Ge3As3 
composition. No As excess was observed for binary GeAs compound used as a standard. Based 
on those observations, one of the Ge positions was refined as mixed occupied by Ge and As.  
Free refinement of this site with mixed occupancies by Ge and As was unstable due to their 
similar X-ray scattering factors. In the final refinement, the occupancies of Li and the Ge in the 
mixed Ge/As site were set to be identical to satisfy the electron-balance. This resulted in the final 
composition of Li0.87(3)Ge2.87(3)As3.13. 
Li3Si7As8: Two Si sites exhibited very large ADPs, and their occupancies were refined 
independently. Both resulted in 75(1)% occupancy, leading to the overall layer composition of 
Si7As8. Besides the partially occupied Li position between the Si-As layers, difference Fourier 
synthesis indicated the presence of three additional Li sites in place of the missing Si-Si 
dumbbell. The occupancies of all three Li sites were allowed to vary freely and came close to 
25(2)%. To ensure complete replacement of the Si2 dumbbells with three Li sites, the occupancy 
and ADPs of Si(7) and Si(8) sites were set to be identical, and the occupancies and ADPs of the 
three Li sites were set to be identical. The combined occupancy of the Si2 dumbbell and Li sites 
were set to 100%. The As site next to the dumbbell was found to be split into two positions with 
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Table S1 provides a summary of crystallographic parameters including unit cell parameters, data 
collection, and refinement. Further details of the crystal structure determination may be obtained 
from Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen, Germany, on 
quoting the depository numbers CSD-434762 and CSD-434763 for Li3Si7As8 and Li0.9Ge2.9As3.1, 
respectively. Data can also be found through Cambridge Crystallographic Data Centre by using 
CCDC 1852117 and CCDC 1852118 for Li3Si7As8 and Li0.9Ge2.9As3.1, respectively. 
Energy Dispersive X-ray Spectroscopy: Elemental analysis of samples was carried out either 
on a Hitachi S4100T scanning electron microscope (SEM) with energy-dispersive X-ray (EDS) 
microanalysis (Oxford INCA energy) or on a FEI Quanta 250 field emission-SEM with EDS 
detection (Oxford X-Max 80) and Aztec software. Samples were mounted on graphite tape. The 
determined compositions were corrected using binary GeAs and SiAs as internal standards. 
Electronic Structure Calculations: The Vienna Ab initio Simulation Package (VASP) was 
used for atomic structure optimizations and density of states.[67,68] Projected augmented wave 
(PAW) method and generalized gradient approximation with exchange and correlation potentials 
as constructed by Perdew, Burke, and Ernzerhof were used with an energy cutoff of 500 eV and 
convergence set to 0.01 meV.[69,70] The linear tetrahedron method was used for integrations 
involving the irreducible wedge of the Brillouin Zone, using 13×13×13 Monkhorst-Pack k-points 
meshes.[71,72] 
Solid-state 6Li and 7Li NMR: MAS 6Li and 7Li solid-state NMR experiments were measured 
with a Bruker 9.4 T wide-bore spectrometer equipped with a Bruker Avance III HD console and 
Bruker 1.3 mm double resonance HX probe. 6Li and 7Li chemical shifts were indirectly 
referenced to established shift trends using the 1H chemical shift of adamantane (δiso(1H) = 1.78 
ppm).[73] 7Li solid-state NMR spectra were acquired with a MAS frequency of 50 kHz and a 
rotor-synchronized spin echo pulse sequence using CT selective pulses. The CT selective π/2 
pulse length was 1.5 μs corresponding to a radiofrequency of 85 kHz. For the natural isotopic 
abundance lithium samples 32 transients were acquired with recycle delays between 110 and 120 
s corresponding to approximately four times the spin lattice relaxation time (T1). For the 6Li 
enriched sample 256 transients were acquired with a 38 s recycle delay corresponding to 1.3 
times the T1. 6Li solid-state NMR spectrum was acquired with an MAS frequency of 50 kHz and 
a rotor-synchronized solid echo pulse sequence for integer spin nuclei. The π/2 pulse length was 
1.786 μs corresponding to a radiofrequency of 140 kHz. 32 transients were acquired with a 235 s 
recycle delay corresponding to five times T1. Peak fits of the solid-state NMR spectra were 
performed using the solid lineshape analysis (SOLA) program provided in the Bruker Topspin 
version 3.5 software. Detailed peak fitting parameters for the spectra are given in Table S2. 
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